of MYCN amplification may also be affected by other factors, such as tumor cell ploidy, localized disease, and stage of NB. [9] [10] [11] Recent studies showed that c-Myc protein expression acts as a poor prognostic feature associated with more aggressive clinical behaviors than MYCN amplification alone or N-Myc protein expression. 8, 12, 13 Through triggering epigenetic changes, MYCN-non-amplified NB cells could be transformed to aggressive, stem cell-like cells. 14 In up to 70% of human cancers, c-Myc protein expression is deregulated and considered as an attractive target for cancer therapy. 15 Its transcriptional targets may promote cell cycle progression, tumor cell growth, and cell differentiation, and regulate cellular metabolism and cell adhesion as well as apoptosis. 16 In proliferating cells, overexpression of c-Myc coupled with antiapoptotic mutation facilitates tumor invasion and progression. 16 Downregulation of c-Myc in cancer cells can lead oncogene addiction to be elicited followed by cell growth arrest, senescence, promoting apoptosis, and tumor regression. 17 Recently, immunotherapy has become the limelight for the treatment of children with aggressive and high-risk NB to improve survival and reducing relapse rate. 18, 19 Our previous studies disclosed that a high level of Toll-like receptor 3 (TLR3) is associated with a favorable prognosis in NB patients, and different levels of TLR3 expression are shown in NB cell lines. 20, 21 TLR3, which is localized in endosomes or on cell surfaces in conventional dendritic cells, serves as a sensor of viral infection to recognize double-stranded RNA and triggers antiviral signal transduction in innate immunity. 22 Being an agent related to TLR3 agonist-based immunotherapy, polyinosinic-polycytidylic acid [poly(I:C)] has been used as a cancer vaccine adjuvant in several types of cancers, such as prostate cancer, lymphoma, lung cancer, melanoma, and hepatocellular carcinoma. 23, 24 In human renal cell carcinoma cells, poly(I:C) treatment can downregulate c-Myc expression and facilitate reactive oxygen species (ROS) generation to induce DNA damage, cell growth arrest, and apoptosis via innate adjuvant receptors and the 2-5A system. 25 In NB, we have found that poly(I:C) may induce tumor cells apoptosis, preferentially through the mitochondrial pathway. 21, 26 Several TLR3 agonist-induced signals in suppression of NB cells have been shown, including activation of protein kinase R, interferon regulatory factor 3 (IRF3), mitochondrial antioxidant manganese superoxide dismutase (MnSOD), and caspase 3. 21, 26 In addition, we found that another viral RNA sensor, melanoma differentiation-associated antigen-5 (MDA5), can complement TLR3 to improve poly(I:C) suppression of NB. 27 These studies demonstrate that poly(I:C) is a potential therapeutic strategy for NB, and may be applied in clinical treatment in the future. However, the effects and underlying mechanism of poly(I:C) in animal model of NB remains elusive.
The purpose of the present study was to investigate whether poly(I:C) treatment can induce tumor death in NB xenografts. The non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice model of NB cells has been widely used to investigate pathogenesis and develop therapeutic strategies in clinical practice. 28 Here we subcutaneously injected NOD/ SCID mice with MYCN-non-amplified (SK-N-AS, AS) or MYCN-amplified (SK-N-DZ, DZ) NB cells to elucidate the effects of poly(I:C) treatment for NB in vivo. Our results indicated that poly(I:C) significantly shrank tumors in AS xenograft mice, but not in DZ xenograft mice. c-Myc protein expression was significantly downregulated by poly(I:C) treatment in AS xenografts. Silencing TLR3 attenuated the suppression effect on c-Myc protein expression in poly(I:C)-treated AS cells. The activation of IRF3, NF-κB, MnSOD, caspase 3, and poly (ADP-ribose) polymerase 1 (PARP-1) was triggered by poly(I:C). Finally, downregulation of c-Myc might be involved in TLR3-induced tumor growth arrest and apoptosis of NB xenografts through DNA damage and generation of ROS.
MATERIALS AND METHODS Cell Lines and Culture Conditions
Human NB cell lines, SK-N-AS (CRL-2137), SK-N-DZ (CRL-2149), and BE(2)-M17 (CRL-2267), were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). SK-N-AS and SK-N-DZ cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) adjusted to contain 2 mM L-glutamine. BE(2)-M17 cells were cultured in Minimum Essential Media (MEM)/F-12 (1:1) medium adjusted to contain 1 mM sodium pyruvate. All culture media were supplemented with 10% (v/v) heatinactivated fetal bovine serum (FBS), 10 mM nonessential amino acids, and antibiotic-antimycotic. Cells were cultured at 37°C in an incubator with controlled humidified atmosphere containing 5% CO 2 . All cell culture reagents were purchased from Invitrogen (Carlsbad, CA, USA).
Human Tumor Xenografts
Male NOD/SCID mice, 4 weeks of age, were purchased from BioLASCO Taiwan Co. (Ilan, Taiwan). All animal procedures were approved by the Animal Ethics Committee of the Kaohsiung Chang Gung Memorial Hospital. After 1 week of adaptation, SK-N-DZ cells (1 × 10 7 cells) or SK-N-AS cells (5 × 10 6 cells) were injected subcutaneously into the right flank of NOD/SCID mice. Tumor size was documented with caliper measurement every 3 days. When the tumors grew tõ 4-6 mm in diameter by 1 week after implantation, the mice received an intraperitoneal injection of normal saline (control group) or 10 mg/kg of poly(I:C) (Invivogen, San Diego, CA, USA) (treatment group) twice a week. The mice were killed on the second day after the last treatment, which was day 17 or day 27 after injection. Thereafter, the tumor size and weight were measured as previously described. 29 A part of each tumor was then fixed in formalin overnight and embedded in a paraffin block for immunohistochemical staining (IHC). A total of 47 mice were available at the completion of the xenograft study (AS xenografts: on day 17, control group n = 6 and treatment group n = 7; on day 27, control group n = 6 and treatment group n = 6. DZ xenografts: on day 17, control group n = 3 and treatment group n = 5; on day 27, control group n = 7 and treatment group n = 7).
RNAi and Transfection
Human TLR3-specific stealth siRNA (siTLR3) and negative control (scrambled) siRNA were purchased from Invitrogen (Carlsbad, CA, USA). The siTLR3 sequence was 5′-CCT GAGCTGTCAAGCCACTACCTTT-3′, and the scrambled sequence was 5′-CCTGTCGAACTACCGCATCCAGTTT-3′. SK-N-AS cells and BE(2)-M17 cells were transfected with siRNA (25 nM) using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions.
Western Blot Analysis
After siRNA transfection for 24 h, SK-N-AS cells and BE(2)-M17 cells were treated with 50 μg/ml poly(I:C) for another 24 h, then the cell lysates were prepared. Cells were lysed with protein extraction solution containing proteases inhibitors (iNtRON Biotechnology, Sungnam, Kyungki-Do, Korea). Samples were separated by 8% SDS-PAGE and then transferred onto nitrocellulose membrane. The membrane was blocked for 1 h at room temperature in 5% nonfat milk and incubated overnight at 4°C with the following primary antibodies: anti-p-IRF3 (phospho Ser386, 1:1000, Epitomics, Burlingame, CA, USA), anti-IRF3 (1:1000, Epitomic), anti-cMyc antibody (1:1000, Cell Signaling Technology, Danvers, MA, USA) and anti-N-Myc antibody (1:1000, Cell Signaling Technology). Membranes were then incubated with HRPconjugated anti-mouse (1:10 000, Jackson ImmunoResearch, Newmarket, Suffolk, UK) and anti-rabbit (1:5000, Jackson ImmunoResearch) secondary antibodies for 1 h at room temperature. β-actin (1:10 000, Millipole, Billerica, MA, USA) antibody was used as an internal control. Protein-antibody complexes were visualized with an enhanced chemiluminescence (ECL) detection kit (Amersham Pharmacia Biotech, Uppsala, Sweden) and visualized on X-ray films. Signals were quantified by densitometric analysis.
Immunohistochemistry
For immunohistochemical staining (IHC), paraffin sections (2 μm) were cut from formalin-fixed-paraffin-embedded block of the xenograft tissue. After incubation overnight at 55°C, the sections were deparaffinized in xylene and hydrated through descending grades of ethanol to deionized water. , and anti-IRF3 (phospho Ser396) antibody (1:50; Biorbyt, Cambridge, Cambridgeshire, UK). Next, tissue sections were incubated with Primary Antibody Amplifer Quanto (Ultravision Quanto, Thermo Fisher Scientific) for 10 min, and then HRP Polymer Quanto (Ultravision Quanto detection system, Thermo Fisher Scientific) for 10 min. Finally, the sections were rinsed with PBS followed by visualization with ImmPACT diaminobenzidine (DAB) peroxidase substrate (Vector Laboratories, Burlingame, CA, USA). After all, the sections were counterstained with Mayer's hematoxylin (ScyTek Laboratories, Logan, UT, USA) and mounted.
Quantification of Immunohistochemical Staining
To quantitatively analyze the expressions of Ki-67, p-GAP43, c-Myc, TLR3, p-IRF3, p-NF-κB p65, MnSOD, 8-OHdG, active caspase 3, and cleaved PARP-1 by IHC, we randomly selected five high-power (×400) fields for each section to evaluate each sample. The intensity of positive staining tumor cells was scored as: 0 = none; 1 = weak; 2 = intermediate and 3 = strong. The proportion of each intensity score was further scored as: 0 = no positive cells; 1 = 0-20%; 2 = 21-50%; 3 = 51-80%; 4 = 81-100%. 30, 31 Both scores were multiplied and summed to produce a final immunoreactivity score (IRS) ranged 0 to 12.
Statistical Analysis
Statistical analyses were performed using SPSS software (version 12.0 for Windows; SPSS, Chicago, IL, USA). Data were expressed as mean ± s.e.m., except western blot analysis, for which data were expressed as mean ± s.d. The differences between control and treatment groups were tested by using a two-tailed Student's t-test. A P-value o0.05 was considered to be statistically significant. RESULTS TLR3 Agonist-Poly(I:C) Significantly Suppresses the Tumor Growth in AS Xenografts, but not in DZ Xenografts To explore the effects of TLR3 agonist-poly(I:C) treatment in vivo, we established xenograft tumor models in NOD/SCID mice by subcutaneous injection of AS (MYCN-non-amplified) or DZ (MYCN-amplified) NB cells. After 1 week, NB xenografts were treated with 10 mg/kg of poly(I:C) (treatment group) or normal saline (control group). We measured the tumor size and weight of NB xenografts on day 17 and day 27 to monitor the effectiveness of poly(I:C) treatment ( Figure 1 c-Myc is involved in TLR3 signaling L-L Lin et al and Supplementary Figure S1 ). Intriguingly, in AS xenografts on day 17, the tumor size of the treatment group was decreased (Figure 1b) , with a significantly decreased tumor weight to 0.01 ± 0.005 g compared with the control group 0.10 ± 0.03 g (P = 0.023, Figure 1c) . Similarly, in AS xenografts on day 27, poly(I:C) significantly reduced the tumor size to 203 ± 106.95 mm 3 (P = 0.015, Figure 1d ) and the tumor weight to 0.44 ± 0.12 g (P = 0.03, Figure 1e ) compared with the control group (1562 ± 382.87 mm 3 and 2.26 ± 0.50 g). However, no significant changes between ) were subcutaneously injected into NOD/SCID mice. (a) Representative AS or DZ xenografts on day 17 and day 27 are presented. (b and c) Tumor size and tumor weight of NB xenografts on day 17 were measured. AS xenografts: control group n = 6, treatment group n = 7. DZ xenografts: control group n = 3, treatment group n = 5. (d and e) Tumor size and tumor weight of NB xenografts on day 27 were measured. AS xenografts: control group n = 6, treatment group n = 6. DZ xenografts: control group n = 7, treatment group n = 7. Data are expressed as means ± s.e.m. of mice in each group. Quantitative analysis of tumors was determined as described in Materials and Methods. *Po0.05 with the control group. c-Myc is involved in TLR3 signaling L-L Lin et al treatment group and control group were found in DZ xenografts on day 17 or day 27, even if a small decrease was found in DZ xenografts on day 17 (Figures 1b and c) . In vitro experiments, we also found that poly(I:C) treatment can significantly suppress the cell growth in MYCN-non-amplified SK-N-AS cells and SK-N-F1 cells (Po0.01), but not in MYCN-amplified SK-N-DZ cells and BE(2)-M17 cells, supporting the in vivo experiment results (Supplementary Figure S2) . To further investigate the underlying mechanism of poly(I:C) treatment in NB, samples of tumor tissues were taken from AS xenografts on day 17 to carry out following experiments.
To assess whether poly(I:C) affects tumor cell growth in AS xenografts, we examined the expression status of Ki-67, a marker of cell proliferation activity, in xenograft sections by IHC. Comparing with that of the control group, the xenografts with poly(I:C) treatment showed a significantly decreased Ki-67 staining (Po0.001, Figures 2a and b) . Furthermore, the xenograft sections were analyzed by IHC for phospho-growthassociated protein 43 (GAP43) expression, which is associated with cell proliferation activity in mammalian neurogenesis. 32 Our previous studies have revealed that the levels of c-Myc are associated with TLR3 expression in NB patients and TLR3-induced signaling in NB cells. 21, 26, 27 However, the role of c-Myc in the innate immune system is still unknown. To uncover whether c-Myc expression is influenced by TLR3-mediated innate immunity, we first compared c-Myc and TLR3 expressions by IHC between the control and poly(I:C) treatment groups of AS xenografts. Poly(I:C) dramatically downregulated c-Myc protein expression with staining in o10% tumor and an IRS of 0.25 compared with an IRS of 6.13 in the control group (P = 0.046, Figures 3a and b) . On the contrary, the expressions of TLR3 and phosphorylated IRF3 (p-IRF3) by IHC were increased in AS xenografts after poly(I:C) treatment (Figures 3c-e) . These results suggest that poly(I:C)-mediated innate immune signaling is able to be transducted by upregulation of TLR3 that may hamper c-Myc expression in xenograft models. 
Poly(I:C) Significantly Increased Nuclear Factor KappaB Activation and Reactive Oxygen Species Generation
It has been known that the activation of nuclear factor kappaB (NF-κB) is involved in TLR3-mediated signals in NB cells. 26 To explore whether poly(I:C) could also regulate the activation of NF-κB in AS xenografts, p-NF-κB p65 expressions between treated and untreated xenografts were analyzed by IHC. The results showed that p-NF-κB p65 expression was increased in the treatment group compared with that in the control group (Figures 4a and b) . MnSOD, also known as SOD2, facilitates mitochondrial ROS hydrogen peroxide production. Transcription of MnSOD is regulated by NF-κB, and involved in TLR3-mediated NB cell death. 26, 35 A significantly increased MnSOD expression was found in poly (I:C)-treated AS xenografts (Po0.001, Figures 4c and d) . Furthermore, ROS was visualized by 8-hydroxy-2'-deoxyguanosine (8-OHdG), revealing a stronger immunostaining of 8-OHdG in nuclei of tumor cells in poly(I:C)-treated xenografts than in controls (Po0.001, Figures 4c and e) . These results indicate that poly(I:C) facilitates NF-κB activation and MnSOD-mediated ROS generation.
TLR3-Induced Apoptosis by Upregulating Active Caspase 3 and Cleaved Poly (ADP-ribose) Polymerase in vivo
To further elucidate whether poly(I:C) induces apoptosis in NB in vivo, we used activation state-specific antibody of caspase 3 for IHC on the xenograft tissue. The expression levels of active caspase 3 were significantly elevated with poly (I:C) treatment (Po0.001, Figures 5a and b) . Moreover, it has been known that active nuclear protein PARP-1 could be recruited to the sites of DNA breaks and involved in DNA repair, whereas PARP-1 may be inactivated due to cleavage by active caspase 3. 36, 37 To verify whether the level of cleaved PARP-1 was changed in response to poly(I:C) treatment, we evaluated cleaved PARP-1 expression in tissue sections of AS xenografts with or without poly(I:C) treatment. Cleaved PARP-1 was significantly higher in the treatment group (IRS = 5.71) than in the control group (IRS = 1.96, Po0.05, Figures 5a and c) . These results demonstrate that TLR3-mediated innate immunity may induce apoptosis through DNA damage in NB xenografts.
DISCUSSION
Innate immunity is contributed to protect host against pathogens. TLR3 can recognize viral double-stranded RNA to initiate innate immune responses against infection. 22 Our previous studies have revealed that TLR3 has a key role in triggering innate immune responses to induce tumor cell death in NB, and its expression is associated with nonamplified MYCN in NB by clinicopathologic and biological study. 20 In addition, our previous in vitro studies revealed that poly(I:C) can induce apoptotic signals in MYCN-nonamplified human NB cell lines, such as SK-N-AS and SK-N-FI, but not in MYCN-amplified human NB cell lines. 21, 26 Here we study the effects of TLR3-agonist poly(I:C) treatment in NB xenografts. Our data show that poly(I:C) significantly suppressed tumor growth in MYCN-non-amplified AS xenografts, but not in MYCN-amplified DZ xenografts. Activation of GAP43 has been known to mediate axonal proliferation and regeneration, proliferating neuroepithelium as well as horizontal cell divisions during mammalian neurogenesis. [32] [33] [34] In the present study, reduced expression of proliferation markers, Ki-67 and p-GAP43, was found in poly(I:C)-treated AS xenografts (Figure 2) . Moreover, no apparent pathological changes of liver and kidney were found in mice after poly(I:C) treatment (Supplementary Figure S5 ) in histopathology. Although higher levels of blood urea nitrogen (BUN; P = 0.044) and alanine aminotransferase (ALT; P = 0.043) were found in treatment group compared with control group (Supplementary Table S1 ), levels of the liver enzymes and the kidney enzymes were within the normal range. 38 These results indicate that c-Myc protein expression might be susceptible to poly(I:C)-induced NB cell death.
In the present study, downregulation of c-Myc and upregulation of TLR3 were found in poly(I:C)-treated AS xenografts. However, the relationship between c-Myc and TLR3 in treatment of poly(I:C) for cancer remains inconsistent. It has been reported that c-Myc oncoprotein has a critical role in maintaining the balance between proliferation and apoptosis in tumor progression in vivo. 39 Positive TLR3 expression was considered a favorable prognostic factor whereas positive c-Myc protein expression is a poor prognostic factor by clinical research of NB. 8, 20 However, elevated TLR3 expression in breast cancer and overexpression of c-Myc in HER2-positive breast cancer were respectively determined as a poor prognostic factor, 40, 41 and TLR3 treatment was associated with overexpression of c-Myc to facilitate stem cells potential. 40 In addition, overexpression of TLR3 and c-Myc was reported to be induced by poly(I:C) treatment, which led to cell proliferation in head and neck cancer. 42 These reports indicate that the roles of TLR3 and c-Myc in innate immune system and their responses to poly(I:C) treatment might be type-specific for cancer. Nevertheless, our in vitro results demonstrate that TLR3 mRNA is upregulated by poly(I:C) treatment in AS cells and BE (2) Interestingly, we found that knockdown of TLR3 in AS cells can decrease c-Myc protein expression similar to poly(I:C) treatment, but which could not completely suppress the expression of poly(I:C)-induced p-IRF3. Several studies have demonstrated that small interfering RNAs (siRNAs) may be recognized by several TLRs (TLR3, TLR7, and TLR8) to induce unanticipated vascular or immune effects. 43, 44 Our previous studies also found that knockdown of other cytosolic RNA receptors, MDA5 and RIG-1, can decrease poly(I:C)-induced p-IRF3 expression in NB cells. 27 These studies clearly indicate that other TLRs signaling and cytosolic RNA receptors might be involved in the regulation of c-Myc and p-IRF3 expression while AS cells were treated with siTLR3. Even if we have selected two different TLR3 siRNAs to avoid off-target effects, unanticipated innate immune signaling still could not be completely excluded (Figure 3f and Supplementary Figure S4) . It has been known that functional diversity of TLR3 in tumors can mediate the fates of cancer cells. Through triggering NF-κB activation, TLR3 signal transduction may facilitate multiple myeloma cell survival. 45 It is also reported that TLR3 can promote inflammatory via mTOR to activate NF-κB in human oral keratinocytes. 46 In innate immunity, TLR3 triggers the activation of NF-κB and IRF3, generates type I interferons (IFNs) and promotes dendritic cell maturation. 47, 48 Viral infection activates transactivation potential of IRF3 by regulating phosphorylation of site 1 (Ser385 and Ser386) and site 2 (Ser396, Ser398, Ser402, Thr404, and Ser405). [49] [50] [51] Our data suggest that poly(I:C) treatment triggers the activation of NF-κB and IRF3 in AS xenografts. These results indicate that poly(I:C) could induce innate immunity by regulating activation of NF-κB in AS xenografts.
Our data show that poly(I:C) may upregulate MnSOD and 8-OHdG expression in AS xenografts. 8-OHdG acts as a pivotal marker to detect oxidative stress and to indicate oxidative DNA damage. 52 Deregulation of c-Myc could cause growth arrest due to inhibition of c-Myc transcriptional target genes, that act as positive regulators of cell cycle progression, survival, protein synthesis, and energy-consuming processes. 53, 54 It has been known that c-Myc downregulating NF-κB is involved in immune escape in cancer pathogenesis. 55, 56 Phosphorylated NF-κB can promote MnSOD transcriptional expression to enhance ROS hydrogen peroxide generation during nutritional deprivation. 56 c-Myc inactivation and DNA lesion, both of which may trigger cell cycle arrest, cause subsequent growth arrest or apoptosis. 17, 57, 58 Taken together, poly(I:C) may induce tumor death through TLR3/c-Myc/NF-κB pathway.
Furthermore, cleavage of PARP-1 is a signature of neurodegeneration, and involved in neuronal death in the nervous system. 59,60 PARP-1, an chromatin-associated enzyme, can be induced by DNA breakage to orchestrate DNA base excision repair and in response to apoptosis occurring. 61 Activated caspase 3 cleaves and inactivates PARP-1 in late apoptotic cells. In the present study, after poly(I:C) treatment, activated caspase 3 and cleaved PARP-1 were significantly upregulated, resulting in introduction of apoptosis in AS xenografts.
In summary, we demonstrated that TLR3-mediated innate immune responses can significantly eliminate tumor growth in MYCN-non-amplified AS xenografts, but not in MYCNamplified DZ xenografts. Suppression of tumor cell proliferation by poly(I:C) in AS xenografts was determined by the downregulation of Ki-67 and p-GAP43 immunostaining. Significant downregulation of c-Myc, and upregulation of TLR3, p-NF-κB p65, p-IRF3, MnSOD, 8-OHdG, active caspase 3 as well as cleaved PARP-1 were induced by poly(I: C) treatment in AS xenografts. Knockdown of TLR3 blocked the inhibition of c-Myc protein expression regulated by poly (I:C) in AS cells. As shown in Figure 6 , we propose that TLR3 suppresses c-Myc to upregulate the activation of NF-κB, which induces MnSOD-mediated ROS generation, in poly(I: C)-treated AS xenografts. Subsequently, DNA damage could be induced by caspase 3-catalyzed PARP cleavage during apoptosis. In this study, we suggest that high c-Myc protein expression may increase tumor cell sensitivity to poly(I:C) treatment in NB xenografts, which is involved in TLR3-mediated tumor growth arrest and apoptosis. Thus, these results provide a new insight about the role of c-Myc protein in innate immune system for the treatment of NB, so that future clinical research and drug development can improve immunotherapy strategies.
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